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Abstract 

The production of pairs of charged Higgs bosons as predicted by the minimal 
supersymmetric standard model (MSSM) via the gluon fusion mechanism is inves- 
tigated. The amplitudes at the leading one- loop order for the parton process gg 
H~^H~ are calculated with the complete set of MSSM particles. Numerical results are 
presented for the cross section of the inclusive hadron process pp ^ gg ^ H^H^ + X 
at the LHC. 
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1 Introduction 



The search for Higgs bosons and the study of the mechanism for the electroweak symmetry 
breaking is a basic task for future high energy colhders. Charged Higgs particles are part 
of an extended scalar sector with at least two isodoublets of Higgs fields. Such a minimal 
scenario with two Higgs doublets is realized in the minimal supersymmetric standard model 
(MSSM). A possible detection of charged Higgs particles would therefore be a clear signal 
for the presence of non-standard physics, with a strong hint towards supersymmetry. For 
an accurate identification a precise determination of the production and decay properties of 
the non-standard particles is a crucial requirement. At hadron colliders, H^H pairs can be 
produced by two basic mechanisms: annihilation of quark-antiquark pairs and gluon-gluon 
fusion. The gluon fusion mechanism is particularly interesting since, as a loop-induced 
higher-order process, it depends on all virtual particles with couplings to gluons as well 
as to Higgs bosons. In the MSSM, at the one-loop level, the process is mediated through 
quarks and squarks (predominantly from the third generation), involving also neutral Higgs 
bosons and the Higgs self-interaction. Although the cross section for H^H^ production 
by qq annihilation |^ is larger, it is less sensitive to the details of the underlying model 
than the gluon fusion mechanism. In particular, through the virtual presence of scalar 
quarks, the MSSM cross section in general is different from the cross section for a non- 
supersymmetric two-doublet-model even with identical Yukawa couplings. At the LHC, the 
supression of the cross section for gg —>■ H^H' by a factor a| compared to qq H^H^ 
is partly compensated by the high gluon luminosity. 

Gluon fusion into charged Higgs particles has been studied previously in based on the 
loop contributions from top and bottom quarks. Scalar quark contributions are neglected, 
which corresponds to the decoupling scenario of sufficiently heavy squarks. In this article 
we extend the calculation by including also a non-decoupling scalar quark sector in the loop 
diagrams; we give analytical results and a detailed discussion for the size of the various 
contributions. In a quite recent paper the squark loops to the gluon fusion process have 
also been derived. We find agreement with our results. 

The paper is organized as follows: After a short description of the MSSM entries for 
the calculation of the H^H^ cross section, we derive the parton cross section in Section 
3. Section 4 contains the hadronic cross section and a numerical analysis. The appendix 
collects the analytical expressions, the list of coupling constants, and the Feynman graphs 
for the gluon fusion process. 

2 MSSM entries 

The cross section for H^H^ production by the lowest order Drell-Yan mechanism depends 
only on the mass mii± and the gauge couplings of the charged Higgs boson. H^H~ pair 
production via gluon fusion, as a higher-order process merging the strong and electroweak 
interactions, depends on the detailed structure of the Higgs and the quark/squark sector 
of the MSSM. 
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2.1 Higgs sector 

Besides the charged Higgs particles if^, the MSSM Higgs sector contains the two neutral 
CP-even scalars | iff, H2 and the neutral CP-odd 'pseudoscalar' as physical mass 
eigenstates. The free parameters of the Higgs sector are frequently chosen to be the mass 
TTiA of the A^ boson and the ratio tan/? = V2/V1 of the vacuum expectation values of the 
two Higgs doublets. For the present analysis it is more convenient to choose the mass mH± 
of the charged particles instead of as the free mass parameter. The relation between 
mH± and rriA in lowest order is given by 

22,2 /I \ 

m^± = + (1) 

with the W mass m^y. The CP-even Higgs masses, at the tree level, are given by: 

1 



+ ± \/ {m\ + m|)2 — 4:m\m\ cos^ 2/3 



(2) 



The angle a of the rotation diagonalizing the neutral CP-even mass matrix, an entry in 
several coupling constants, fulfills the tree level relation 

TDj^ _|_ lYi^ 

ia.n2a = —^ ^ tan 2/5. (3) 

m\ — 

Both relations (|]) and are sizeably modified by quantum corrections, predominantly 
proportional to m^. They are taken into account in the approximation given in 0. The 
relation (|l|) between uia and m^i is also modified by radiative corrections the effects, 
however, are essentially smaller and are neglected in our analysis. 

2.2 Squark sector 

The main entries from the scalar quark sector are from the third generation of top (t/,, t/j) 
and bottom (bj^,bj?) squarks. For simplicity we assume a flavor- diagonal squark sector. 
For the t and b case the mass matrices have the form 



^ I Ml + m'i + ml{\-etsl)cos2[^ mi(A - /i cot /?) , 

* ^ mt(A - /icot/5) Ml + ml + m\etsico?,2(3 ' ' ^' 



2 , Mj^ + ml + m\{-\ - Cbsl) cos2(3 mb{Ai, - 11 ta.n (3) 



^ \ nibiAb- fi tan (3) M? + + m|eb4 cos 2/3 / 

and analogously for the other generations. The symbols et and denote the electric 
charge of top- and bottom-quarks; /x is the supersymmetric Higgs mass parameter Mq 

■^The notation H^, H2 is equivalent to H^, hP in the conventions of Q. 
''Our sign convention for /i is opposite to that of B. 
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the soft-breaking mass parameter for the squark isodoublet (t^jbi), and and are 
the soft-breaking mass parameters for the isosinglets t^ and b/j. They can be different for 
each generation, but for simphcity we will assume equal values for all generations in our 
numerical analysis. At and At, are the parameters of the soft-breaking scalar three-point 
interactions of top- and bottom-squarks with the Higgs fields. 

We restrict our analysis to real parameters. Therefore the mass matrices for t and b 
are real and can be diagonalized by means of rotations with angles 6i and 6^. The mass 
eigenstates ti and t2 are obtained as 

/ ti \ ^ / cos^t -sin^t V ^ 
\t2 J V sin^t cos^t J \ ~^R J ' 

and analogously for bi and h2- 

For the pair production of charged Higgs particles via gluon fusion all couplings of 
charged and neutral CP-even Higgs particles to squarks appear at leading order. The 
couplings for mass eigenstates are listed in Appendix p. 



3 The parton process gg ^ H 

The production of charged Higgs pairs by gluon fusion in the MSSM is a loop-induced 
process, at leading (1-loop) order mediated through quark and squark loops. The Feynman 
graphs are depicted in Appendix |^. 

In our kinematical conventions, the momenta of the initial and final state particles are 
all chosen as incoming: 

g{pi, a. A) + g{p2, b, A') ^^^(-^3) + ^+(-^4) • 

Besides by their momenta, the initial state gluons are characterized by their colour indices 
a, b and their helicities A, A'. We make use of the parton kinematical invariants 

S=(Pl+P2)^ i=iPl+P3f, M=(Pl+P4)^ 

obeying the relation 

s + i + u = 2m^± . 
The spin- and colour-averaged cross section for the parton process 

A,A'=±1 a,b=l 
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contains the helicity amplitudes 

Mfy = e'Api)elM M,. ■ (Anas) Trjy y } , (7) 

where a pure QCD factor is written separately. The remaining tensor Ai^u can be decom- 
posed with respect to a complete set of orthogonal tensors A'^'^ |^ according to 

4 

M'^'' = J2F^{s,i)Aris,i) . (8) 
1=1 

The explicit formulae for the basic tensors are listed in Appendix The tensor A4^i, is 
transverse: 

K-M^. = 0, p^TW^. = , (9) 

and the A'^'^ are chosen to be individually transverse as well. This transversality guarantees 
that the spin-averaged cross section is proportional to Ai^'^Ai*^^ and, together with the 
orthogonality of the basis tensors, that the differential cross section for the parton process 
can be expressed in a simple way in terms of the form factors: 

1=1 

The form factors can be divided into contributions from loop diagrams with virtual squarks 
(q) and quarks (q) arising in 2-, 3- and 4-point integrals (denoted by the symbols o for 2, 
A for 3, and □ for 4 internal lines): 

= _pq.° _|_ _pq.A _|_ _pq.c _|_ _pq.^ _|_ _pq.n 

F2 = G^'° + G^'^ + G^'° + G^'^ (11) 
F3 = 

4 



The tensor projects on a CP-odd gluon state with a total spin component = along 
the collision axis in the CMS. Since the final state is CP-even for this spin configuration, F3 
vanishes identically. Analytic formulae for the form factors in terms of scalar 3- and 4-point- 
functions are presented in Appendix |B|. The analytic formulae for the form factors of the 
quark loop graphs are in agreement with [^. For a complete and coherent documentation 
they are also included in Appendix |B|. 

The integrated parton cross section 

crgg^H+H-{s,as{fiR)) = di—j (12) 
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is evaluated by numerical integration over the kinematically allowed t-range for a given 
CMS-energy of the gluon-gluon system. The renormalization scale in the strong 
coupling constant is chosen as V^, the hard energy scale of the process. 

In Figure |^ the parton cross section is displayed for unmixed squarks {A = ft = 0) for 
four characteristic values of the squark mass scale which we assume to be common for the 
various entries in the mass matrices: Mq = Mjy = Mjj = : Mgquark- The parameters of 
the Higgs sector are = 200 GeV and tan/3 = 1.5. The Figure contains a sequence of 
graphs with rising values of the squark mass scale, beginning with squark masses below 
m//±, then slightly above mH±, followed by squark masses around 2mH±, and finally at 
1000 GeV. The decoupling property of heavy squarks is clearly visible, but it also becomes 
clear that squarks of intermediate mass scales can give rise to a sizeable enhancement of 
the cross section. Due to significant interferences, the cross sections including both quark 
and squark loops are not simply the sum of the individual contributions. The spikes in the 
plots correspond to the squark pair thresholds of the loop diagrams. 



4 The hadron process pp ^ H + X 
4.1 Total hadronic cross section 

The hadronic cross section for if^ pair production from gluons in proton-proton collisions 
at a total hadronic CMS energy can be written as a convolution |1^ 



a = a{pp H+H- + X) = J d^-j^ agg^n+H- {rS, 



(13) 



with the gluon luminosity 



dCPgP dx 



J ^ f9/pi^^^^F)fg/pi-,^^F), (14) 

where fg/p{x,^F) denotes the density of gluons in the proton carrying a fraction x of the 
proton momentum at the scale ^p. The numerical evaluation has been carried out with the 



MRS(G) gluon distribution functions |TT| and with the renormalization and factorization 
scale /ii?, /iF chosen as equal. 

Table |l] collects a sample of numerical results for the hadronic cross section for typical 
sets of MSSM parameters. Quark masses are mj = 175 GeV, mf, = 5 GeV. We always 
assume a common squark mass scale Msquark(= Mq = = Mj^), which in table |] has 
been set to 200 GeV (where the squark diagrams give a big contribution) and to infinity 
describing the case of decoupling squarks. An unmixed squark mass scenario is assumed 
{A = fi = 0). tan (3 = 6 is chosen as a reference point for the minimal cross section (see 
also Figure |^), and tan/? = 50 as a representative value for the large tan/3 scenario. 
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tan P 


mH± \GeV] 


Msauark [GeVl 


= 14 TeV 


75 = 2 TeV 


a [fb] 


event s 


cr [fb] 


event s 




1 nn 

X WW 


900 

iiW w 


140.7 


^ 14000 


0.48 


^ 1 


oo 


79.7 


^ 7900 


0.26 


^ 0.5 


200 


200 


60.7 


^ 6000 


5.4-10-^ 


^ 0.1 


oo 


49.4 


^ 5000 


3.7-10-^ 
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100 


200 


0.71 


71 


3.2-10-^ 




oo 


0.38 


38 


2.1-10-^ 




200 


200 


0.16 


16 


1.7-10-* 




oo 


6.0-10-^ 


6 


5.4-10"^ 





Table 1: Cross section for charged Higgs pair production via gluon fusion in pp (pp) 
collisons for hadron energies of 2 and 14 Te V, corresponding to the Tevatron and LHC. 
Additionally the number of events in one year of running is given, assuming 2fb^^ of 
integrated lumiosity for the Tevatron and 100/6^^ for the LHC. 



Cross sections and numbers of events in table |1| are given for the projected collider 
energies and integrated luminosities of LHC and Tevatron Run II. At the Tevatron, the 
gluon fusion mechanism for charged Higgs pair production is irrelevant. Therefore, for the 
subsequent discussions we will focus on the LHC with -s/S* = 14 TeV. 

The variation of the cross section with the MSSM parameter fi is displayed in Figure 0. 
Except for tan j3 values around the minimum of the cross section, the /^-dependence is very 
flat and the choice fi = already illustrates the typical size of the cross section very well. 
For tan/3 = 1.5 a sizeable increase occurs for larger values of by an order of magnitude, 
but still far below the high tan j3 scenario. 

4.2 Dependence on the Higgs parameters 

The input parameters for the Higgs sector are and tan p. Figure || shows the de- 

pendence of the hadronic cross section ( ]T3| ) on the mass of the charged Higgs for three 
representative values of tan/? (including the minimum at tan/3 ^ 6). The common squark 
mass scale is Mgquark = 200 GeV and all squark mixing is switched off {At = = /i = 0). 
The hadronic cross section decreases almost exponentially with rising mj|^±. This behaviour 
is essentially explained by the decreasing number of gluons at large values of x. For Higgs 
masses near rrit, the top threshold gives rise to a step with a slight increase of a. 

The dashed lines in Figure ^ show the cross section for decoupling squarks. The differ- 
ence demonstrates the large effect squarks can have on the cross section whenever they are 
not too heavy. In the special case of mH± = 170 GeV and tan/3 = 6 the cross section is 
more than 3 times the decoupling limit and even for Mgquark = 500 GeV the cross section is 
still 15 % higher than in the decoupling case, independent of tan j3 and for charged Higgs 
masses in the range of Figure |^. 
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The variation of the hadronic cross section with tan/5 is displayed in Figure |^. The 
cross section has a pronounced minimum at 




which is a consequence of the tan /3-dependence of the quark and squark couphngs to 
charged Higgs bosons. 



4.3 Dependence on the squark sector 

The contribution of the squark loop graphs (Appendix p.l| ) to the cross sections vanishes 
for large squark masses, due to the decoupling property of the scalar quarks, and the pure 
fermion loop result of 0] is recovered (see Figure ^). The squark contribution is especially 
significant for squark masses close to m/^±, where the parton cross section near the Higgs 
production threshold is enhanced by about a factor of 2 compared to the cross section 
from quark loops only (see Figure For squark masses lower than mjj±, the squark loop 
amplitudes interfere mainly destructively with the quark loop amplitudes, thus diminishing 
the cross section as compared to the decoupling case. 

The predominant squark contribution comes from the third generation with their large 
Yukawa couplings. The structure of these couplings gives rise to the minimum behaviour 
of cr as a function of tan /?. There are, however, also squark couplings independent of the 
quark masses and hence not suppressed by light quark masses for the two other generations 
(see Appendix y). These contributions, although much smaller in size, are not completely 
negligible: for tan /5 ~ 6 they constitute 45% of the cross section. Since they are essentially 
tan/5 independent, their relative influence decreases at other values of tan/5 with larger 
cross sections. 

The effects of mixing in the stop sector are visualized in Figure |^, where the non- 
diagonal entry At in the stop mass matrix is varied (for /z = 0), for two tan/5-values (1.08 
and 33). For small values of At, the cross sections are nearly identical. In the low tan/5 
case, however, a significantly higher cross section can be obtained by increasing the value 
of At, with a strong dependence on At. 



4.4 Sensitivity to the Higgs self interaction 

Analogously to the standard Higgs case |^ one may ask wether charged Higgs pair produc- 
tion is sensitive to the Higgs self interaction that enters through the neutral Higgs exchange 
graphs (see Appendix |D.1| ). The situation here is less transparent than in the standard 
model because of the two neutral Higgs particles with different couplings to the charged 
Higgs pair. 

To illustrate the influence of the Higgs self interaction. Figures ^ and |^ show the com- 
plete cross section (solid lines) versus the cross section evaluated with the Higgs self interac- 
tion turned off (dashed lines). In both Figures the same squark mass scenario as in chapter 
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^ has been adopted (i.e. Mgquark = 200 GeV and no squark mixing). Except around the 
minimum, the relative contribution of the Higgs self interaction is much smaller than the 
contributions from the box diagrams (the observation of the smallness of the diagrams with 
the quark/squark triangles has already been made in [§]). 



5 Conclusions 

Gluon-gluon fusion is an important mechanism for producing charged Higgs particles at 
the LHC Although at smaller rates than in qq annihilation, it is sensitive also to the scalar 
quark sector if the Higgs bosons are supersymmetric. For not too large masses, virtual 
squarks are not negligible and can increase the cross section up to a factor 2, in special 
cases even 3, compared to the decoupling limit with heavy squarks. For squark masses not 
smaller than m//± the squark contribution is always positive. An interesting behaviour is 
observed for squark mixing: For low values of tan (3 the cross section is strongly dependent 
on the trilinear top squark coupling At, yielding a steep rise for increasing values of At. 
Charged Higgs boson pairs can thus provide a valuable source of information, useful to 
disentangle various classes of models. 



Acknowledgement. We would like to thank A. Barrientos and B. Kniehl for helpful discus- 
sions. 



A Tensor basis 

The amplitude M-^x' fusion of two massless vector particles into two scalar particles 

is decomposed as follows: 

4 
1=1 

with a normalization factor Nji and the following tensor basis P] : 

= g'^'^ - ^ (15) 
P1P2 

A''" = g^" I ^3P2Pl 2(p2P3)P3Pl '^{Pm)P2Pl I 2p|^P3 QgN 

^ PKP1P2) PKP1P2) p1{piP2) pi 

K = 7 r (17) 

{P1P2) 

/I4 = 2? ^ • U^J 
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The transverse momentum squared is defined as 

The properties of these tensors, which have been exploited in the calculation, are tranver- 
sality: 



and orthogonality: 



-Aj,ij.u — 2 Sij . 



B Form factors 



For 3- and 4-point functions the following shorthand notations are defined: 

^ABC ^ fj4, I 

'"^ tTT^J [k^-m\][{k+pi)^-ml][{k+pi+pj^-ml] ' 



iTT^ y [A;2-m^][(A;+pfc)^-m|][(A;+Pfc+p;)2-m^][(A;+pfe+Pi+Pm)^-^D] 



B.l Squark contributions 

The form factors from squark loops with two or three internal lines are: 

2 



l,k=l 



(19) 



with 



q=t,b 



5lk + mlClr^) (^[q„ q,, H\ H'] - J] 

i=l 



g[Hf,H+,H-]g[Hlqi,qi] 



s — m 



(20) 
(21) 



and 



'k=l 



i(2 + ^)(^r^^ + «^'0 



(22) 
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Vik is a shorthand notation for the product of two couphngs of squarks to the charged 
Higgs particle which appears again in the box amphtudes: 



Vik = g[H^,hM' ■ 
The form factors originating from squark box diagramms are: 



I 2 



l,k=l 



(/P(tfe, b,; i u) + /P(b,, tk, i u)) + {i ^ u) 



(23) 



(24) 



with 



/ 1 2 \ Q 777'^ 7Tl~ ~h TTl^ ~h TJ^ 

/°(tfc hfi U) = ~ Ci^^*^^' C^fe^'*'' tfc^tfctfctfeb; tfc b; -^^ ^tfetfcbjbj 

^ " 8 2 8 

(25) 



2s 



and 



47r2 



l,k=l 



(tfc, b;; t, u) + 5q (bi, tfc; t, m)) + (t ^ u) 



with 



^?(tfc,b;;t» = 



1 
2^ 



1 

2^ tfc 



2 _^ ^2^^ _ £.-|(-^tfctfetfe _^ t(t "^g±) ^tfctfcb; 



tfebitfc 



2 ^2^ ntfctfcbjb; 



4 ((< + + (< - <)')^132 



]- ((i -mlY + m-, (m? - 2m? - 2— 

OW bi' tfeV tfc bi 



))f 



213 



B.2 Quark contributions 

The form factor due to triangle quark loops is: 



1 2 

q 47^2 



i=l 



A/ trO 



with 



g[Hf,q,q]g[Hf,H+,H- 



U,(2 + (4m^-5)Cr) , 



(26) 



• (27) 



(28) 



(29) 
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and the form factors from quark box graphs are: 



47r2 



+ 9p[H , t, 6] I /q (mt, -rUb] t, u) + / {rUb, -mt, t,u)) ] + [t ^ u 



(30) 



with 



{i - m]j± 



G 



□ 



47r2 



Cfi-mtmb-{2DlT,+Dfi^) 
s 4 



- I (m|± - (m, + rubf) ((p? + + m?)i^fj',^ + 4.mlDf^ ; (31) 
^f^-H""^, t, bf (g^irrit, rub] i, u) + g°{mb, nit; i, u)j 



+ gp[H^, t, bf(g°{mt, -mb] i, u) + g9{mb, -mt, i, u) 



t ^ u 



(32) 



with 



g°{mt,mb;i, u) 



4p2 



(i + {mt + mbf - m\.) ((2p? + 



34 



+ (2(m^± + ml - ml) - 5)C«*) - splC^^ + (mU +P- 2t(m* + mbf)c''' 

+ ((sm^ - 2m?(2m^ - ml + m|±))L>f2*3^ + {^{ml + m^) + P,{mt, mb, mH±))D'^^i) 



I 4 

+ mt 



{i-ml ^2 



-^213 J 



2( 



P2{mt,mb,mH±))D 



tttb 
123 



+ - + it^mb{mt + mb) - i{8mlmt + Ami + t^h±) 



+ 8m6m3((t - ^2) - i^^^iil!) + _ 2m|±)m^)D«*^ 



+ 2K 



m2)2(^2(m^± + (mt + mfe)^ 



213 

{u - ty 



D 



ttbb 
132 



(33) 
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containing the polynomials 

Pi{mt, rrib, mH±) = 3mj + 2m^m(, — 2mjm^ + 2mtmi + Sm;, — mu±[m^ + m^) 
P2{mt, nif,, mH±) — + 2m^m6 — m^ml — Am^ml — m^ml + 2mtm\ + 

4/2 2\o2 22 



(34) 



(35) 



with 



□ 



47r2- 



Sfji?"^, t, b]gp[H^, t, b] {h°{mt, nib; i, it) + h°{mb, rrit; i, u)) - {i ^ u) (36) 



h°{mt,mb;i,u) = 



i(^{s - 2m|± + 2ml - '^^D^^ + - 4m|±)C*^*) 



'132 



+ (K'-m^±)(2 



,u — m 



s 

ml-u + 2ml) - splmf^ D^^^ 



tttb 



(37) 



C MSSM couplings 

In the following all couplings of third generation quarks and squarks to MSSM Higgs 
particles, that are relevant to the process, are collected. The factor §2 = e/s^ denotes 
the coupling constant of the weak interaction, = sin^„,, = cos9w and tu, = tan^^ 
with the weak mixing angle duj- The subscripts 's' and 'p' in gf^f- • • ] and gp[- • • ] distinguish 
between the scalar and pseudoscalar couplings in the Higgs-fermion interactions. 

C.l Higgs self couplings 



g[H'„H+,H-]^- 



92 



mw cos(/3 — a) — ^-^ cos 2/3 cos(q; + f3) 



(38) 



-92 



mw sin(/3 — a) + — ^ cos 2f3 sin(a + (5) 



(39) 
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C.2 Quark couplings to Higgs bosons 
Neutral Higgs bosons 

mt sin a 



g,[Hlt,t]^-g2 
gp[H^,t,t]^0 , 



2mw sin P ' 
rrit cos a 



2mw sin (3 ' 



gs[Hlh,h]^-g2 

gs[Hlb,b]^+g2 
g,[H^Ab] = . 



mi, cos a 



2mw cos P ' 
mb sin a 



2mw cos/3 ' 



Charged Higgs bosons 

rrr-i- -7 T mfe tan /3 + cot /9 ^r- , i 

gs[J^ out, i m, o outj = g2 1= = gs[H out, b m, t outj 

2\/2mvF 

rrT+ -7 T mb tan /3 — mt cot /9 , 
gp[ri^ out, t m, 6 outj = —g2 1= = ~gp[J^ out, 6 m, t outj 



C.3 Squark couplings to Higgs bosons 
Neutral Higgs bosons 

ofi??, ti, ti] = 02 7T ( (^t sin a — II cos a) sin 2^r — 2mt sin a. ) 

L2mwsinn\ / 



+ 



mz cos(q; + /3) 
6c,,, 



(^(5-84)cos2 ^t-4s 



o[if?, t2, t2] = g2 — TT ( — (A sin a — u cos a) sin 2^r — 2mx sin a ) 

L2mvFSinp\ / 



+ 



mz cos(q; + /?) 
6c„, 



(-(5-8c^)cos^^,-+(l-44)) 



^[i/?,bi,bij=<72 



2mw cos /3 



cos a — \x%\Ti a) sin 2^g — 2m;, cos 



+ 



m^ cos(q; + /3) 
6c,„ 



((4c^-l)cos^e6 + 24) 



g{Hl\,2M=9i 



2mw cos /3 



— {Ah cos Q! — /X sin a) sin 26'g — 2mft cos a 



+ 



"•^^f + ^' (- (44-1) cos^'^,+ (1 + 24) 



5'[^^2 > = fl'[-f^i > qj ( sin « ^ cos « , cos a ^ - sin a) 
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Charged Higgs bosons 



g[H'^ out, ti in, bi out] = g[H out, ti out, bi in] = 

^-^ sin 2/3(^m^(l +tan^/3) +771^^(1 + cot^/3) - 2m^j cos6'bCos6't 

+ 2mtmb(tan /? + cot /?) sin 9^ sin 9i — 2m},{^ + A}, tan (3) sin 9^ cos 9i 

— 2mt{ijL + At cot P) cos sin 9i 



g[H'^ out, ti in, b2 out] = g^fif out, ti out, b2 in] = 

sin2/5(^mfe(l + tan2/3)+mj(l + cot^/3)-2m^j sin^^cos^t 

— 2mtmb(tan P + cot (3) cos sin 9i + 2mi,{^ + tan /?) cos 9^ cos 

— 2mt{ijL + At cot /3) sin sin 
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-^-^ sm2p(ml{l+tan'^ /3)+mt{l + cot'^ (3) -2ml,^ cos ^g sin 

— 2mtm5(tan (3 + cot /?) sin 6*^ cos 9i + 2mb(/x + ^4^ tan /9) sin sin 9i 

+ 2mt {/jl + At cot P) cos ^g cos 



g'fi/'^ out, t2 in, b2 out] = g[H out, t2 out, b2 in] — 

— P [sin2/3fmfe(l + tan^/g)+m?(l + cot^/3) - 2m^) sin ^g sin 

2^/2m^r L V / 

+ 2mtm5(tan /3 + cot /?) cos ^g cos 9i + 2mft(/x + A^ tan /3) cos 6*^ sin 9i 

+ 2mt{ijL + At cot P) sin ^g cos 9i 
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D Feynman graphs 



Fcynman Graphs with opposite direction of charge flow are not depicted but indicated by 
dots. 



D.l Squark- Graphs 
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Figure 1: Parton cross section for the production of charged Higgs pairs (mH± = 
200 GeV,iaxil3 = 1.5) via gluon fusion for rising values of the common squark mass scale 
(^100/200/400/1000 GeV). The cross section is evaluated with all Feynman graphs (solid 
lines), only quark loop graphs (long dashed) and only squark loop graphs (short dashed). 
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Figure 2: /i- dependence of the hadronic cross section for mH± — Mgquark — 200 GeV and 
At — and for three values of tan (3 (^1.5/6/50^. For tan (3 = 50 the graph is not extended 
over the full range because one of the stop masses would become too light. 
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Figure 3: Variation of the hadronic cross section (solid lines) with the mass of the charged 
Higgs particle for three values of tan (3 (6/1.5/50^ and a squark mass scale of Mgquark — 
200 GeV. Additionally the contribution of only the quark loops to the cross section is 
depicted (dashed lines), which corresponds to the limit of large squark masses. 
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Figure 4: Hadronic cross section for different values of mH± (^200/400/600/800 GeT^j 

versus the squark mass scale Mgquark with tan/9 = 1.5 (solid lines). For comparison the 
contribution of only the quark loops is displayed in terms of the horizontal dashed lines. 
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Figure 5: Hadronic cross section for mH± — 200 GeV and two values of tan (3 (33: solid, 
1.08; dashed) versus the mixing parameter Af. For comparison the dot-dashed line shows 
the cross section for tan/? = 1.08 with the pure fermion loop contribution. 
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Figure 6: Comparison between the hadronic cross section versus the charged Higgs mass 
with and without the trilinear Higgs coupling (solid and dashed line, respectively) for three 
values oftanP (6/1.5/50). The squark mass scale is Mgquark — 200 GeV. 
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Figure 7: Variation of the hadronic cross section with tan/3 calculated with (solid line) 
and without (dashed line) the trilinear Higgs couplings. The mass of the charged Higgs is 
mH± — 200 GeV and the squark mass scale is Mgquark — 200 GeV. 
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